Introduction
Triglycerides (TGs) are esters composed of glycerol attached to three fatty acids. TGs play a significant role in cell metabolism as an energy source and serve as transporters of dietary fat. The normal level of TG in human blood serum is about 150 mg dL -1 or less (De Lourdes Higuchi, 2013) . Values greater than this in the bloodstream cause deposition of plaques of fatty material on the inner walls of arteries and promote atherosclerosis. This induces the risk of hyperlipoproteinemia and heart and coronary heart diseases (Solanki et al., 2009; Narang and Pundir, 2011; Narang et al., 2013; Panky et al., 2013) .
Considering the clinical significance of determination of TG in serum, several approaches were developed for determination of TG such as direct colorimetric and fluorescence assay (Fossati and Prencipe, 1982; Voysey and Wilton, 1994) , quantitative detection of TG by HPLC (Okazaki et al., 1998) , mass fragmentographic method (Bjorkhem et al., 1976) , and use of dissolved oxygen meter based TG biosensor (Bhambi and Pundir, 2006) and potentiometric biosensor based on porous silicon (Reddy et al., 2001; Basu et al., 2005; Setzu et al., 2007) .
However, these methods are wearisome, time consuming, and expensive and require equipment and skilled person to operate them, while biosensors based on immobilized enzyme are relatively simple, sensitive, and rapid without the need for sample preparations (Narang and Pundir, 2011) .
Most enzyme based biosensors use multi-enzyme system with lipase, glycerol kinase, and glycerol-3-phosphate oxidase. Pundir et al. (2010) constructed a biosensor by a mixture of these enzymes, co-immobilized with horseradish peroxidase onto polyvinyl alcohol membrane through glutaraldehyde coupling. The sensor showed a linear relationship with concentration of TG in the range of 0.56-2.25 mM. Minakshi and Pundir (2008) fabricated a triple amperometric enzyme sensor by mounting cellulose acetate membrane on a platinum electrode. A linear response was obtained for triolein concentrations ranging from 0.2 to 3.5 mM. Another amperometric TG biosensor was constructed by Narang and Pundir (2011) To make the use of biosensors technically and economically feasible, reducing the fabrication cost is of utmost importance. Use of low cost and high efficiency material for enzyme immobilization and stabilization can make a significant contribution to lowering the cost of a fabricated biosensor. Activated carbon (AC) is commonly used as adsorbent; however, properties such as high porosity and large surface area, good stability under various pressure and temperature conditions, its high zero electric point, low cost, environmentally friendly nature, and ability to be synthesized from various sources (Shafeeyan et al., 2010 (Shafeeyan et al., , 2011 made it a suitable support for enzyme immobilization in biosensor fabrication.
Chitosan (CHIT) can also be used for enzyme stabilization due to its outstanding film-forming ability, good mechanical strength and adhesion properties, high permeability toward water due to its hydrophilic nature, nontoxicity, biocompatibility, and cost-effectiveness (Luo et al., 2004; Chauhan et al., 2012) . In this work, a TG biosensor was constructed based on immobilization of lipase on amine functionalized AC that was deposited on graphite electrode and stabilization of the immobilized enzyme using a film of CHIT. The performance of the fabricated biosensor for detection of TG in several serum samples was evaluated.
Materials and methods

Materials
Lipase (EC 3.1.1.3) from porcine pancreas, tributyrin (TB, purity 97%), and CHIT (85% deacetylated) were obtained from Sigma-Aldrich. Triton X-100 and commercial AC (99% purity) used in this study were purchased from Merck. The employed working electrodes were graphite rods (ENTEGRIS, INC. FCBLK-508305-00004, USA) with diameter of 3 mm. All other chemicals were reagent grade and used as received.
Tributyrin solution
TB was used as substrate for lipase. For preparation of TB solution, 0.5 g of TB and 0.4 g of Triton X-100 as surfactant component were added to 10 mL of distilled water; the solution was mixed at 60 °C. ) was freshly prepared in 50 mM fresh phosphate buffer saline (PBS) solution. To find the suitable lipase concentration, some preliminary tests were carried out wherein different enzyme concentrations in the range of 0.1 to 2.5 mg mL -1 were implemented and the peak current was measured; the highest current was obtained at lipase concentration of 0.5 mg mL -1 . Next 7 µL of lipase solution was spread on the electrode surface. Finally, 10 µL of 0.6 wt% CHIT solution (dissolved in 1% acetic acid) was covered on the as-prepared electrode to act as stabilizing agent and retain the immobilized enzyme due to its excellent film-forming ability. Use of this CHIT concentration was also based on preliminary experiments performed using different CHIT concentrations (0.2-1.0 wt%) and highest current obtained at 0.6 wt%. The electrode was then washed with buffer solution to remove the unbound enzyme, dried under air flow, and stored at 4 °C until use. The so-obtained electrode was denoted as a Graphite/AC/lipase/CHIT bioelectrode.
Graphite/AAC/lipase/CHIT bioelectrode
In our experiment, another bioelectrode designated as Graphite/AAC/lipase/CHIT was fabricated. The construction procedure was exactly the same as the prior described method, except that, instead of pristine AC, amine functionalized AC (AAC) was used. For this purpose, the raw AC was first carboxylated; 1 g of raw AC was added to 150 mL of H 2 SO 4 /HNO 3 solution (10 N, 3:1 volume ratio). The solution was stirred under reflux at 80 °C for 4 h and then cooled down to room temperature. The mixture was diluted with distilled water and centrifuged at 6000 rpm for 5 min. The harvested AC was washed with distilled water followed by filtration several times until the pH in the filtrate reached 6-7. The carboxylate AC (CAC) was then dried in an oven at 80 °C for 8 h (Liu et al., 1998) . For amine functionalization, 0.2 g of the (CAC) was added to 40 mL of the CHIT solution and stirred for 96 h at room temperature. After amination, the AC-NH 2 was centrifuged. The solid phase was washed with acetic acid 2 M to remove excess amine. Finally, amine functionalized AC (AAC) was dried in an oven at 80 °C for 8 h (Liu et al., 1998) .
Electrochemical measurement and characterization
The constructed bioelectrodes were electrochemically characterized by cyclic voltammetry using a Bio-Logic SP-150 Potentiostat/Galvanostat. The tests were performed using a conventional three-electrode system with graphite as working electrode, platinum (Pt) electrode as counter electrode, and saturated Ag/AgCl as reference electrode in phosphate buffer saline (PBS, 50 mM, pH 7.4, 0.9% NaCl) containing 5 mM [Fe(CN) 6 ] 3-/4-as redox probe. The morphology of the fabricated bioelectrode was investigated using a field emission scanning electron microscope (FE-SEM, Mira 3-XMU). The functional groups existing on the surface of modified AC were identified by Fourier transform infrared spectroscopy (FTIR).
Determination of zero point charge
To determine the pH of zero point charge (pH ZPC ) of the surface of AC, which plays a significant role in the adsorption characteristic of the electrode, the pH drift method was used (Hameed et al., 2008) . For this purpose, 50 mL of 0.1 M NaCl solution was poured in a series of serum bottles and the pH of the solutions was adjusted in the range of 2 to 12 using 0.1 M NaOH and 0.1 N HCl. Then 0.15 g AC (pristine or functionalized) was added to each flask and after 48 h the final pH of the solutions was measured. The pH at which the initial pH of the solution was equal to the final pH was considered pH ZPC ; at this pH the charge on the support surface was zero.
Detection of TG concentration in serum
To investigate the accuracy of the Graphite/AAC/ lipase/CHIT bioelectrode, TG level in various serum samples was measured. Several blood serum specimens were obtained from a local clinical laboratory located in Mazandaran, Iran. The TG content in the serum samples was determined using a three-electrode system with Graphite/AAC/Lipase/ CHIT as working electrode. At the same time, the TG content in the serum samples was measured by automatic biochemical analyzer (Alpha-classic, Tajhiz Sanjesh, Iran) and the results were compared.
Specificity and interference test
In this work, to evaluate the specificity of the Graphite/ AAC/lipase/CHIT bioelectrode, the influence of some interfering agents available in blood was tested at their physiological concentrations. To this end, 1 mM urea, 5 mM glucose, 0.02 mM cholesterol, 0.9 mM ascorbic acid, and 0.2 mM uric acid were added to the electrolyte solution (PBS 50 mM, pH 7.4 and 10 mg dL -1 TB).
Reproducibility and repeatability test
In order to carry out reproducibility tests, five similar bioelectrodes (Graphite/AAC/lipase/CHIT) were fabricated and each of them was employed in 110 mg dL -1 TB solution. For the repeatability test, a fabricated bioelectrode was used in 110 mg dL -1 TB solution five times, consecutively and without interval.
Results and discussion
Construction of bioelectrode for TG detection
In this study, the preliminary TG detection tests using the Graphite/AC/lipase/CHIT bioelectrode showed that the peak current was proportional to the TB concentration in the range of 20-140 mg dL -1 (data not shown). Considering that the normal level of TG in serum is around 150-190 mg dL -1 , the fabricated biosensor was not suitable for medical and healthcare applications. Therefore, it was attempted to broaden the linear range of TG detection of the biosensor through increasing the isoelectric point of the support. The choice of this solution was based on the following theory: (1) when lipase comes in contact with its corresponding analyte (here, TB), the enzymatic hydrolysis results in formation of glycerol and free fatty acids, which further reduce the pH of the solution, (2) at medium pH values below the pH ZPC of AC support, the surface of the activated carbon matrix is positively charged, (3) as the concentration of positively charged moieties on the AC matrix increases, the interaction between the redox couple [Fe(CN) 6 ] 3-/4-on the electrode surface increases; this results in enhanced electron transfer between medium and electrode, which eventually leads to superior electrochemical signals. It was hypothesized that increasing the isoelectric point of the AC support at medium pH << pH ZPC could increase the concentration of positively charged moieties on the electrode and thus enhance the electron exchange reaction of ferricyanide and ferrocyanide ions. Moreover, the high isoelectric point of support could be helpful in immobilization of lipase, which has a low isoelectric point, through electrostatic interaction. To this end, efforts were made to increase the pH ZPC of AC, which was used as support for enzyme immobilization, through carboxyl or amine functionalization.
In order to confirm the successful functionalization of AC, FTIR analysis was performed. The FTIR spectra of raw, carboxylated, and aminated AC are shown in Figures  1a-1c , respectively. Spectrum a, which is related to pristine AC, is relatively smooth; the peak located at 1225 cm -1 can be assigned to the C-O bond of the carbon structure. In the spectrum of carboxylated AC (spectrum b), the peaks that appeared at 1720 and 3363 cm -1 are attributed to the presence of C=O in the COOH group and OH in the carboxyl group, respectively (Keramati and Ghoreyshi, 2014) . The peak at 1605 cm -1 is assigned to the stretching vibration of C=O bonds (Ramanathan et al., 2005) . In spectrum c, which is for AC modified by amine (AAC), the peaks at 3370 and 1595 cm -1 are assigned to NH 2 and NH in the amine groups, respectively. The peak at 1251 cm -1 can be attributed to the stretching C-N (Ramanathan et al., 2005) . The peak at 1730 cm -1 matches the presence of amide carbonyl (C=O). The peaks corresponding to the presence of a C-H bond and C-O-C groups on the surface of the AC appeared at 1370 and 1068 cm -1 , respectively (Peng et al., 2003; Keramati and Ghoreyshi, 2014) .
It is well understood that pH ZPC of the support is an important parameter that critically affects the electrochemical process. In this study, to select a suitable support for enzyme immobilization, the pH ZPC value of pristine and functionalized (carboxylated and aminated) AC was determined; the point at which the initial and final pH of the solution (after 48 h) were equal was considered pH ZPC . The results of this investigation are depicted in Figure 2 . As observed in this figure, the pH ZPC value was found to be approximately 10.2, 7.3, and 12.6 and for pristine AC, CAC, and AAC, respectively. Considering that the isoelectric point of lipase is 4.5 (Panky et al., 2013) , selection of a support with high pH ZPC that could provide a large electrostatic interaction was effective for binding of lipase onto the support surface. Therefore, AAC with the highest zero point charge was chosen as the support for enzyme immobilization.
According to the theory of isoelectric point, at pH values far from the isoelectric point, the transport of electrons from the medium to the electrode is enhanced, which results in larger electrochemical signals. As a proof of concept, the effect of pH in the range of 5.5 to 8.0 on the fabricated bioelectrodes was investigated using cyclic voltammetry at the scan rate of 50 mV s ; the results are exhibited in Figure 3 . As the results show, the current response of the Graphite/AC/lipase/CHIT and Graphite/AAC/lipase/ CHIT bioelectrodes decreased along with an increase in pH, while the response of the Graphite/CAC/lipase/ CHIT bioelectrode remained almost constant. As the pH of the PBS approached the isoelectric point of AC (10.2) and AAC (12.6), the concentration of positively charged moieties on the surface of bioelectrode decreased, which hindered the electrostatic interaction and thus decreased the value of current response. However, the Graphite/ CAC/lipase/CHIT bioelectrode was not sensitive to pH changes due to its lower isoelectric point (7.3). In the subsequent experiments, the TG detection performance of the Graphite/AAC/lipase/CHIT bioelectrode was tested at pH 7.4 to simulate blood condition.
In order to show the effect of lipase on the performance of a bioelectrode that acts as catalyst for hydrolysis of TB, cyclic voltammogram studies were carried out on the Graphite/AAC/lipase/CHIT and Graphite/AAC/CHIT bioelectrodes at the scan rate of 50 mVs goes far from the zero point charge of the AAC, a net positive charge generates on the support matrix, which enhances the release of electrons, and higher current responses would be caused. Figure 5 exhibits the plot of the peak current of the Graphite/AAC/lipase/CHIT bioelectrode versus scan rate. The inset also shows the cyclic voltammograms at various scan rates from 20 to 100 mVs -1
Electrochemical behavior and characterization of Graphite/AAC/lipase/CHIT bioelectrode
. As expected, the peak current was proportional to the scan rate. High regression coefficients of 0.993 and 0.991 obtained for cathodic and anodic peak, respectively, signify that both peak currents were linearly scan ratedependent. These results indicate that electrons could easily diffuse through the Graphite/AAC/lipase/CHIT matrix and the transfer of electrons was a surface controlled process (Liu et al., 2007 (Liu et al., , 2011 .
The surface morphology of each layer of electrode was characterized by FE-SEM; the images for Graphite/AAC, Graphite/AAC/lipase, and Graphite/ AAC/lipase/CHIT are illustrated in Figures 6a-6c , respectively. The rough surface and porous structure of the AAC is clear in Figure 6a , providing appropriate sites for enzyme immobilization. After enzyme deposition, the surface porosity decreased as some of the pores of AAC were filled by lipase ( Figure  6b ). Finally, a layer of chitosan film that covered the surface of the electrode provided smoother surface morphology due to its polymeric property (Figure 6c ). Figure 7 depicts the calibration curve for biosensor response versus TB concentration. As illustrated in this figure, the response current upturns with increasing TB concentration in the range of 50-350 mg dL -1 with a high regression coefficient of 0.99. As explained above, the zero point charge of AAC is about 10.2; at pH << pH ZPC , there will be more generation of positively charged moieties on the AAC matrix. Thus as the concentration of TB increases, pH of the solution decreases, more and more positive charge is generated on the AAC surface, and larger electrostatic interaction is created, which eventually results in higher biosensor response. The inset of Figure 7 exhibits the effect of TB concentration on the electrochemical response of the Graphite/AAC/lipase/ CHIT bioelectrode investigated in the range of 50-350 mg dL -1 using cyclic voltammetry. Lipase hydrolyzes TB, which results in the production of glycerol, fatty acid, and protons. The generated protons decrease the pH of buffer medium, resulting in a change in the electrochemical signal of the bioelectrode. Along with increase in TB concentration, the anodic and cathodic current response increased, which shows the pH-dependent character of the Graphite/AAC/lipase/ CHIT bioelectrode.
Determination of TG
The developed bioelectrode showed good sensitivity of 0.16 µA mg -1 dL and a low detection limit of 9.9 mg dL -1 . The characteristics of the Graphite/ AAC/lipase/CHIT bioelectrode compared to other constructed biosensors for TG detection available in the literature are summarized in Table 1 .
Determination of serum TG
In order to evaluate the practical application of the fabricated biosensor (Graphite/AAC/lipase/CHIT bioelectrode), it was employed to determine the concentration of TG in several serum specimens from a vast age range of healthy adults, from 20 to 67 years old. The results were comparable to those obtained from automatic biochemical analyzer as summarized in Table 2 . The results presented in the table show that the deviation in all cases was less than 4.3%, highlighting that the as-constructed biosensor was effective and reliable for detection of TG in human serum samples.
Specificity and interference study
The specificity of the constructed biosensor towards TB as the substrate was tested in the presence some interfering agents. Table 3 shows that addition of urea, ascorbic acid, uric acid, and cholesterol to TB solution had a negligible effect on the response current of the developed biosensor to the amount of 2%, 0.1%, 3.5%, and 3.9%, respectively. However, when glucose was added no measurable change was observed on the response current. These results confirm that the Graphite/AAC/lipase/CHIT bioelectrode was an accurate and strong anti-interference biosensor.
Reproducibility and repeatability study
In order to establish the reproducibility of the developed biosensor, 5 similarly constructed biosensors were used for measurement of TB concentration (110 mg dL -1
). Moreover, repeatability of the response of the Graphite/AAC/lipase/CHIT bioelectrode was tested by measuring the TB concentration for 5 consecutive measurements. According to the results presented in Tables 4 and 5 , the relative standard deviation (RSD) of reproducibility and repeatability was calculated as 3.46% and 2.94%, respectively. These results demonstrate that the fabricated biosensor is reliable for frequent use.
In conclusion, the results of this study showed that functionalization of pristine AC was effective to increase the isoelectric point of AC, thus expanding the TG detection limit of the developed biosensor. The promising characteristics of the present biosensor, such as good sensitivity, low detection limit, anti-interference ability, and very good reproducibility and repeatability, make it a potential candidate for biosensing and healthcare applications. 
